intercellular communication and mediate the therapeutic effects of stem cells in the cardiovascular system. 8 It has been reported that microparticles isolated from ischemic mouse hind limbs promoted angiogenesis when injected into naive ischemic limbs. 9 Yellon and Davidson 10 proposed that exosomes may act as carriers of the cardioprotective factors induced by remote ischemic preconditioning. Recently, it was reported that circulating exosomes increased immediately after one bout of exercise in humans, and it was hypothesized that these exosomes may participate in the exercise-mediated adaptation process. 11, 12 These findings indicate that the exercise-induced release of exosomes into circulation may play a role in exercise-conferred cardiovascular benefits. Given the fact that circulating exosomes reflect physiological and pathophysiological conditions of the body and are of striking numbers on the order of 10 10 mL −1 , 13 there is a crucial need to explore the functional effects of exercise-derived circulating exosomes, especially the role of exosomes in long-term exercise-induced cardioprotection.
In this study, we found that long-term exercise-derived circulating exosomes conveyed cardioprotective signals and identified exosomal miR-342-5p as a novel cardioprotective exerkine against myocardial ischemia/reperfusion (MI/R) injury in rats.
Methods
The authors declare that all data that support the findings of this study are available within the article and in the Online Data Supplement.
An extended methods section is available in the Online Data Supplement.
Animals
Male Sprague-Dawley rats (6 weeks of age) were obtained from the Experimental Animal Center of Fourth Military Medical University (China). All surgical procedures and animal care protocols were performed in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (Publication No. 85-23, revised 1996) with approval from the Fourth Military Medical University Animal Care and Use Committee. The number of animals used for each experiment is depicted in each figure.
Subjects
All human studies were conducted according to the Declaration of Helsinki principles and were approved by the Human Research Ethics Committee of Fourth Military Medical University. All participants signed a consent form after reading information about the study and having the procedures explained to them. A total of 32 healthy young (aged 19-22 years) men were studied: 16 student athletes and 16 untrained control students. The student athletes had performed organized, team-based rowing training for over 1 year, whereas the untrained control students had performed no regular exercise for over 1 year and had abstained from exercise at least 1 week before the study.
Exercise Protocol
The swim training protocol was modified from a previously published procedure.
14 Six-week-old male Sprague-Dawley rats swam twice daily for 7 days a week for 4 weeks. The first day of swim training consisted of two 10-minute sessions separated by a minimum of 4 hours. Sessions were then progressively increased to 90 min/d over a 1-week period. All training sessions took place during 5:00 pm to 6:30 pm and 11:00 pm to 0:30 am.
Plasma Exosome Isolation
Blood samples were taken from rats and humans 24 hours after the last training session. For exosome isolation using differential
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• Long-term exercise-induced exosomes exert sustained cardioprotective effects, suggesting a novel mechanism underlying exercise-associated cardioprotection.
• Exercise-induced circulating exosomal miRNAs, especially miR-342-5p released mainly from vascular endothelial cells triggered by increased blood flow or fluid shear stress, act as a novel class of cardioprotective exerkines.
Exercise training not only reduces cardiovascular disease risk, but it also provides direct endogenous cardiovascular protection. However, the mechanisms underlying the cardioprotective effects of exercise are still unclear. We found that long-term exerciseinduced circulating exosomes mediate profound and sustained cardioprotection against myocardial ischemia/reperfusion injury.
Exosomes carry cardioprotective signals, among which exosomal miR-342-5p was identified as a novel exerkine that inhibits apoptotic signaling (Caspase9 and Jnk2) and enhances survival signaling (p-Akt) in the ischemic/reperfused heart. Interestingly, exosomal miR-342-5p is released mainly from vascular endothelial cells triggered by such a simple mechanical force, that is, increased blood flow-associated shear stress, indicating a crosstalk between blood vessels and the heart in exercise-associated cardioprotection. These findings suggest that increasing circulating exosomal miR-342-5p to achieve cardioprotection, either by endogenous stimulation or supplement with modified exosomes, has therapeutic potential for those with restricted physical activity, such as long-flight astronauts.
centrifugation, all blood samples were centrifuged at 1600g for 20 minutes at 4°C to obtain plasma, 10 000g for 30 minutes at 4°C to remove cells and platelets, and then twice at 100 000g for 60 minutes at 4°C with an SW-41 rotor. Plasma exosomes were also isolated with the ExoQuick Plasma prep and the Exosome Precipitation Kit according to the manufacturer's instructions (System Biosciences). The isolated exosomes were resuspended in PBS for further experiments.
miRNA Library Construction and Sequencing miRNA library preparation and sequencing were conducted by a commercial service (Ribobio, China). In brief, total RNAs were extracted from exosomes purified from 2 mL of plasma. Both 3′ and 5′ adaptors were added to each end, respectively, followed by reverse transcription and polymerase chain reaction amplification. The polymerase chain reaction products derived from the 18 to 30 nucleotide RNA molecules were purified by electrophoresis and sequenced using the Illumina HiSeq 2500 platform.
MI/R Protocol and Myocardial Injury Assessment
Rats were subjected to left anterior descending coronary artery ligation for 30 minutes, followed by 24 hours of cardiac reperfusion. Myocardial infarct size was determined by the Evans blue/triphenyltetrazolium chloride double staining method; myocardial apoptosis was determined by terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling staining using an In Situ Cell Death Detection Kit (Roche Molecular Biochemicals); and circulating lactate dehydrogenase (LDH) activity was measured using an ELISA kit (Nanjing Jiancheng, China). Hemodynamic indices were recorded at 24 hours of reperfusion with a multichannel physiological signal acquisition processing system (PowerLab, AD Instruments) that was connected to a pressure transducer. Long-term cardiac functional changes were determined with echocardiography. All surgeries and analyses were performed by investigators who were blinded to the treatment group.
Cardiomyocyte Isolation, Culture, and Transfection
Neonatal or adult rat ventricular myocytes were isolated as described previously. 15, 16 Isolated neonatal rat ventricular myocytes were seeded in 6-well plates and maintained in DMEM supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 0.1 mmol/L 5-bromo-2′-deoxyuridine at 37°C in humid air with 5% CO 2 for 48 hours before other treatments. Transfection of miRNA mimics (100 nmol/L), miRNA inhibitors (200 nmol/L), siRNAs (100 nmol/L), and their negative controls (100-200 nmol/L) was performed using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturers' instructions.
Hypoxia/Reoxygenation
Cardiomyocytes cultured in serum-free and glucose-free DMEM were placed in a hypoxic chamber (Billups-Rothenberg Inc, Del Mar, CA) containing 95% N 2 /5% CO 2 for 12 or 24 hours, after which cells were subjected to reoxygenation in a standard incubator (5% CO 2 /95% air) in normal medium for 3 or 6 hours.
Adeno-Associated Virus and miRNA Agomir Injection
To determine whether miR-342-5p contributes to exercise-induced cardioprotection, rats were intramyocardially injected 1 week before swim training with serotype 9 adeno-associated virus (AAV9) carrying a specific sequence inhibiting miR-342-5p or the corresponding control (Hanbio Biotechnology, China) at 6×10 10 vector genomes per rat. To determine whether miR-342-5p is sufficient to induce cardioprotection, rats were intramyocardially injected with 10 nmol miR-342-5p agomir (2′OME+5′chol modified; Ribobio, China) or the corresponding control 48 hours before the induction of MI/R. The experiments were performed by an investigator who did not know the group allocation.
Statistical Analysis
All values are presented as mean±SEM of n independent experiments. Results were analyzed by an unpaired, 2-tailed Student t test (2 groups) or ANOVA (≥3 groups) followed by Bonferroni correction if needed. All of the statistical tests were performed with the GraphPad Prism software version 5.0, and P <0.05 was considered to be statistically significant.
Results

Four-Week Swim Training Protected the Heart Against MI/R injury in Rats
Slowed body weight gain, mild cardiac hypertrophy, slightly but insignificantly increased left ventricular ejection fraction, and fractional shortening were observed in rats after 4-week swim training compared with sedentary controls (Online Figure IIA through IIC) . Twenty-four hours after the last training session, rats were subjected to 30 minutes of myocardial ischemia followed by 24 hours of reperfusion. Compared with sedentary controls, exercised rats exhibited reduced myocardial infarct size and serum LDH (Online Figure IID and IIE) , indicating that 4-week exercise training provides cardioprotection against MI/R injury.
Characterization and In Vitro Functional Validation of Plasma Exosomes From Long-Term Exercised Rats and Humans
Exosomes were purified from the plasma of exercised rats (Exe-exo) and sedentary rats (Sed-exo) 24 hours after the last training session using a standard protocol of serial, differential centrifugation, and ultracentrifugation methods ( Figure 1A ). Electron microscopy analysis revealed typical rounded particles with diameters of 30 to 100 nm in isolated fractions ( Figure 1B ). Western blot analysis confirmed the presence of exosome marker proteins (TSG101 and CD81) and showed no significant quantitative differences between Sed-exo and Exeexo ( Figure 1C ). Nanoparticle tracking analysis also showed no significant differences in size distribution or plasma concentration (4. ) between Sed-exo and Exe-exo ( Figure 1D and 1E). We incubated cultured cardiomyocytes with PKH26-labeled exosomes and observed that exosomes were internalized by cardiomyocytes after a 6-hour incubation as indicated by confocal images ( Figure 1F ) and a 3-dimensional reconstruction of the confocal z-stack images (Online Figure IIIA) . Importantly, preincubation with Exe-exo, but not Sed-exo, for 48 hours attenuated hypoxia/ reoxygenation (H/R)-induced cardiomyocyte injury as indicated by reduced cardiomyocyte apoptosis ( Figure 1G and 1H) and LDH release ( Figure 1J) ; it also increased cardiomyocyte viability ( Figure 1I ) when compared with the vehicle control. In addition, we used another well-established method, ExoQuick, to isolate plasma exosomes and also found that exosomes derived from exercised rats exhibited cardiomyocyte protective effects against H/R injury (Online Figure IV) .
We then examined the effects of exercise on circulating exosomes in humans. Sixteen healthy male student athletes who had been on a rowing team for over 1 year (training for 1-2 h/d, 6 d/wk) and 16 untrained male control students were recruited. Blood samples were taken 24 hours after the last training session. The characteristics of the subjects are shown in Online Table I . There were no significant changes in size distribution or plasma concentration between exosomes purified from the plasma of rowers or exosomes purified from the plasma of control students ( Figure 1K and 1L). These plasma exosomes could be internalized by cultured human Figure 1 . Characterization and functional validation of plasma exosomes from exercised rats and humans. A, Exosomes were isolated 24 h after the last training session from the plasma of rats subjected to 4-week swim exercise or from sedentary littermates and humans with or without rowing training. B, Representative electron micrograph of isolated exosomes. Scale bar: 100 nm. C, Top, Representative blots of exosomal marker proteins TSG101 and CD81 in exosomes purified from the plasma of sedentary rats (Sed) and exercised rats (Exe); (bottom) quantified data obtained from quantitative densitometry of protein blots (n=6). D, Representative results of nanoparticle tracking analysis demonstrating size distribution of exosomes purified from the plasma of sedentary and exercised rats. E, Average concentration of plasma exosomes in sedentary and exercised rats (n=8). F, Primary neonatal rat ventricular cardiomyocytes were cultured in the presence or absence (control) of PKH26-labeled exosomes (red) at 37°C for 6 h. Cardiomyocytes were stained for α-actinin (green), and nuclei were stained with DAPI (blue). Scale bar: 20 μm. G-J, Exosomes purified from the plasma of exercised rats (Exe-exo) decreased apoptosis (G and H), improved cell viability (I), and reduced lactate dehydrogenase (LDH) release (J) in rat cardiomyocytes subjected to hypoxia/reoxygenation (H/R, 12 h/3 h) (n=7). K, Representative results of nanoparticle tracking analysis of exosomes purified from the plasma of student athletes (rowers) and untrained students (control). L, Average concentration of plasma exosomes in rowers and untrained control students (n=16). M-O, Exosomes purified from the plasma of rowers (Row-exo) decreased apoptosis (M), improved cell viability (N), and reduced LDH release (O) in human cardiomyocytes subjected to H/R (24 h/6 h) (n=16). *P<0.05 and **P<0.01. Conexo indicates exosomes purified from the plasma of untrained control students; and Sed-exo: exosomes purified from the plasma of sedentary rats.
cardiomyocytes (Online Figure V) . Moreover, exosomes purified from plasma of rowers preincubation reduced cardiomyocyte apoptosis ( Figure 1M ) and LDH release ( Figure 1O ) and increased cardiomyocyte viability ( Figure 1N ) in cultured human cardiomyocytes subjected to H/R.
Collectively, these results showed that exercise-derived plasma exosomes exerted protective effects against H/Rinduced cardiomyocyte injury.
Intramyocardial Delivery of Exercise-Derived Circulating Exosomes Reduced Infarct Size and Improved Cardiac Function After MI/R
To determine the cardioprotective effects of Exe-exo in vivo, Exe-exo or Sed-exo, isolated from equal volumes (1 mL) of plasma, was intramyocardially injected into rats 48 hours before MI/R. PKH26 fluorescence was observed within cardiomyocytes 6 hours after intramyocardial injection of PKH26-labeled exosomes (Online Figure IIIB) , suggesting an efficient in vivo uptake of the exosomes by cardiomyocytes. The infarct size relative to the area at risk was significantly smaller in Exe-exo-treated rats compared with that in vehicle-treated rats 24 hours after MI/R (35.6±4.3% versus 58.6±3.5%, P<0.01; n=11; Figure 2A ), concomitantly with decreased serum LDH and improved cardiac function as evidenced by increased ±LVdp/dt max and decreased left ventricular end-diastolic pressure ( Figure 2B through 2E) . Moreover, we found that Exe-exo-treated rats exhibited improved cardiac function as evidenced by preserved ejection fraction and fractional shortening 4 weeks post-MI/R ( Figure 2F through 2H ). Histological analysis of the hearts 4 weeks post-reperfusion indicated smaller infarction in Exe-exo-treated rats (Online Figure VI) . Taken together, these in vivo data suggest that Exe-exo exerts a cardioprotective effect against MI/R injury.
miR-342-5p Was a Key Component in Exe-ExoInduced Cardioprotection
To explore the possibility of miRNA(s) contributing to Exeexo-induced cardioprotection, we performed a miRNA profiling assay (765 rat miRNAs) comparing the differences between Exe-exo and Sed-exo using Illumina HiSeq 2500 high-throughput sequencing. A total of 14 differentially expressed miRNAs (fold change >2.0; P<0.05; Figure 3A ; Online Table II) were detected, and 12 of them were further confirmed by quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis ( Figure 3B ). Among the 12 miRNAs, 11 were upregulated in Exe-exo compared with those in Sed-exo ( Figure 3B ).
The functional effects of these 11 upregulated miRNAs on cardiomyocytes were evaluated in a model of H/R. miR-342-5p stood out as a particularly intriguing candidate because it significantly reduced apoptosis, decreased LDH release, and increased cell viability in cardiomyocytes subjected to H/R ( Figure 3C through 3E) . The differential expression of miR-342-5p between Sed-exo and Exe-exo was also verified in an independent test (Online Figure VII) . Notably, degradation analysis of exosomes using a combination of ribonuclease (RNase), proteinase K (for degrading proteins), and Triton X-100 (for disrupting phospholipid membranes) further demonstrated that the majority of exosomal miR-342-5p was within the exosomes (Online Figure VIII) . In addition, depleting exosomes from plasma through ultracentrifugation almost depleted plasma miR-342-5p (Online Figure IX) , suggesting that the majority of plasma miR-342-5p was in the exosomes.
To better understand the function of exosomal miR-342-5p, we assessed levels of miR-342-5p and its precursor in cardiomyocytes and hearts treated with plasma exosomes. The miR-342-5p level was significantly elevated in cardiomyocytes incubated with Exe-exo and hearts injected with Exe-exo for 48 hours after the treatments ( Figure 3G ; Online Figure X), whereas there was no significant change of the pre-miR-342-5p level (Online Figure XI) , indicating that Exeexo delivered miR-342-5p to cardiomyocytes or the heart. Moreover, inhibition of miR-342-5p markedly attenuated the protective effects of exercise-derived plasma exosomes (Figure 3H through 3J; Online Figure XII) . Taken together, these results suggest that miR-342-5p is a key player in Exeexo-induced cardioprotection.
The Exosomal miR-342-5p Level Was Higher in Student Athletes Compared With Untrained Control Students
We then examined whether long-term exercise training increased plasma exosomal miR-342-5p in human subjects. The plasma exosomal miR-342-5p level increased 1.8-fold in student athletes after 1-year rowing training compared with that in untrained control students (P<0.05; Figure 3F ).
miR-342-5p Exerted Antiapoptotic Effects via Targeting Caspase 9 and Jnk2 in Cardiomyocytes
Target genes of rno-mir-342-5p predicted by miRanda (http://www.microrna.org/microrna/home.do), miRDB (http://mirdb.org/), and TargetScan (http://www.targetscan. org/mamm_31/) were functionally classified by the DAVID gene functional classification tool (http://david.abcc.ncifcrf. gov/gene2gene.jsp). Among the possible miR-342-5p target genes, we finally focused on Caspase 3, Caspase 9, and Jnk2, which are involved in both ischemia/reperfusion injury and the apoptosis pathway ( Figure 4A ; Online Figure  XIII) . We found that the miR-342-5p mimic significantly decreased Caspase 9 and Jnk2 protein levels, whereas the miR-342-5p inhibitor increased Caspase 9 and Jnk2 protein levels in cardiomyocytes ( Figure 4B ), and no significant change of Caspase 3 expression was observed ( Figure 4B ). The binding sites for miR-342-5p in the 3′-untranslated regions (3′UTRs) of Caspase 9 and Jnk2 were further examined using a luciferase reporter assay. We cloned either their wild-type 3′UTRs or mutant 3′UTRs in putative miR-342-5p binding sites into a reporter plasmid and assessed their responsiveness to miR-342-5p in 293T cells (Online Figure XIII) . The results showed that miR-342-5p reduced luciferase activity for Caspase 9 and Jnk2 wild-type 3′UTR constructs but had no effect when the miR-342-5p binding sites were mutated ( Figure 4C ). In addition, preincubation with a miR-342-5p mimic significantly inhibited H/R-induced increases in cleaved-Caspase 3, cleaved-Caspase 9 and phospho (p)-Jnk2 (Thr183/Tyr185) in cardiomyocytes ( Figure 4D ). Taken together, these data suggest that miR-342-5p exerted antiapoptotic effects via targeting Caspase 9 and Jnk2 in cardiomyocytes.
miR-342-5p Enhanced the Phosphorylation of Akt in Cardiomyocytes by Targeting Ppm1f
Survival signals Akt and Erk1/2 have been well documented as key molecules in cardioprotection. 17, 18 The phosphorylation of Akt (Ser473/Thr308) in cardiomyocytes was elevated by a miR-342-5p mimic and decreased by a miR-342-5p inhibitor, whereas the phosphorylation of Erk1/2 (Thr202/Tyr204) was not significantly changed ( Figure 5A ). Similar results were observed in cardiomyocytes subjected to H/R ( Figure 5B  through 5D ). These results showed that miR-342-5p could activate the prosurvival signal Akt in cardiomyocytes. However, the activation status of upstream PI3 kinase signaling was not significantly changed by miR-342-5p (Online Figure  XIV) . Interestingly, we found that Ppm1f is a potential target of miR-342-5p, which is the only phosphatase predicted by all the 3 bioinformatic programs (TargetScan, miRanda and miRDB; Figure 5E ). 19 As shown in Figure 5F , the miR-342-5p mimic decreased, whereas the miR-342-5p inhibitor increased Ppm1f protein levels in cardiomyocytes. A luciferase reporter assay further confirmed that miR-342-5p directly targeted Ppm1f 3′UTR ( Figure 5G ; Online Figure XIII) . Notably, downregulating Ppm1f protein expression by siRNA silencing not only significantly elevated the Akt phosphorylation level ( Figure 5H and 5I) but also decreased cardiomyocyte apoptosis induced by H/R (Figure 5J ), suggesting the possible role of elevated Akt phosphorylation in miR-342-5p-afforded cardioprotection.
Endothelial Cells Were a Primary Origin of Exercise-Induced Exosomal miR-342-5p
To explore the origins of the increased circulating exosomal miR-342-5p induced by long-term exercise, we examined the expressions of mature miR-342-5p and its Figure 2 . Exosomes isolated from the plasma of exercised rats (Exe-exo) reduced myocardial infarct size and enhanced cardiac function in myocardial ischemic/reperfused rats. A, Representative photographs of heart sections and quantified data demonstrate that Exe-exo decreased infarct size in rats subjected to ischemia/reperfusion (I/R, 30 min/24 h) (n=11). Myocardial area at risk (AAR) as a percentage of total left ventricle (LV) and infarct size (INF) as a percentage of AAR were evaluated at 24 h post-reperfusion. B, Serum lactate dehydrogenase (LDH) activity at 24 h post-reperfusion (n=11). C-E, Maximal rate of rise/fall of left ventricular pressure (±LVdp/dt max ) (C and D) and left ventricular end-diastolic pressure (LVEDP) (E) determined with multichannel physiological signal acquisition processing system at 24 h post-reperfusion (n=9). F, G, Exe-exo increased ejection fraction (EF) and fractional shortening (FS) in rats after 28 days after reperfusion (n=10). H, Representative echocardiographic images 28 days after reperfusion. *P<0.05 and **P<0.01. Sed-exo indicates exosomes purified from the plasma of sedentary rats.
precursor, pre-miR-342-5p, in the heart, skeletal muscle, aorta, liver, adipose tissue, kidney, spleen, and plasma of rats. The mature miR-342-5p was expressed in multiple tissues ( Figure 6A ). Both mature miR-342-5p and pre-miR-342-5p significantly increased after 4-week swim training in most of these tissues. Unexpectedly, it was in the aorta and not skeletal muscles or cardiomyocytes that exercise induced the most significant increase of both mature miR-342-5p and premiR-342-5p (Figure 6B and 6C; Online Figure XV) . Further study showed that removal of aortic endothelium markedly reduced both miR-342-5p and pre-miR-342-5p in aortas of exercised rats, suggesting that endothelial cells are the major origin of miR-342-5p in the aorta ( Figure 6D ). We then isolated aortic endothelial cells from 4-week exercised rats and Figure 3 . miR-342-5p was essential in the cardioprotection provided by exercise-derived circulating exosomes. A, miRNA profiling assays were performed in exosomes isolated from the plasma of exercised rats (Exe-exo) and exosomes isolated from the plasma of sedentary rats (Sed-exo) (n=6). B, Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of the 14 differentially expressed miRNAs in Sed-exo and Exe-exo. Data are normalized to spiked cel-miR-39 (n=6). C-E, Flow cytometric analysis of apoptosis (C), lactate dehydrogenase (LDH) release (D), and cell viability (E) in cardiomyocytes transfected with a mimic of indicated miRNA or negative control (NC) for 48 h followed by hypoxia/reoxygenation (H/R, 12 h/3 h) (n=4). F, qRT-PCR analysis of miR-342-5p levels in plasma exosomes from student athletes (rowers) and untrained control students (control). Data are normalized to spiked cel-miR-39 (n=16). G, qRT-PCR analysis of miR-342-5p expression in cardiomyocytes preincubated with Sed-exo, Exe-exo, or vehicle for 48 h. Data are normalized to spiked cel-miR-39 (n=7). H-J, Flow cytometric analysis of apoptosis (H), LDH release (I), and cell viability (J) in cardiomyocytes treated with an inhibitor negative control (NC), Exe-exo+NC or Exe-exo+miR-342-5p inhibitor for 48 h followed by H/R, respectively (n=7). *P<0.05 and **P<0.01.
sedentary control rats (Online Figure XVI) and found that long-term exercise significantly increased both mature miR-342-5p and pre-miR-342-5p in endothelial cells ( Figure 6E ). Furthermore, electron microscopy identified the presence of typical multivesicular bodies in the cytoplasm of endothelial cells, and the multivesicular bodies were fused with the plasma membrane to release intraluminal exosomes into circulation ( Figure 6F ). These results suggest that vascular endothelial cells are an important origin of exercise-induced increase of circulating exosomal miR-342-5p.
Next, we examined whether exosomes released from endothelial cells can be taken up by cardiomyocytes. We isolated exosomes from the conditioned medium of human umbilical vein endothelial cells (HUVECs) that had been transfected with a Cy3-labeled miRNA and added them to cultured human cardiomyocytes ( Figure 6G ). Confocal imaging confirmed the transport of exosomal Cy3-labeled miRNAs from endothelial cells to cardiomyocytes ( Figure 6H ). Exosomes were also isolated from the conditioned medium of miR-342-5p-transfected HUVECs and then incubated with cardiomyocytes. The results showed that miR-342-5p was increased in the recipient cardiomyocytes ( Figure 6I ). More importantly, the recipient cardiomyocytes exhibited reduced apoptosis after H/R ( Figure 6J ). Taken together, these results suggest that the miR-342-5p-loaded exosomes released by endothelial cells can not only be taken up by cardiomyocytes but also protect cardiomyocytes against H/R injury.
Laminar Shear Stress Stimulation Upregulated miR-342-5p Expression in Endothelial Cells
Flow-induced increase in laminar shear stress (LSS) is a physiological stimulant associated with exercise and has been thought to be the central signaling mechanism for the exercise-induced endothelial adaptations. [20] [21] [22] [23] To investigate the impact of LSS on miR-342-5p production, we subjected cultured HUVECs to static conditions or exposed them to LSS at 10 or 20 dyne/cm 2 for 6 hours. LSS not only increased both mature miR-342-5p and pre-miR-342-5p in HUVECs ( Figure 6K ) but also enhanced exosomal miR-342-5p secretion from HUVECs ( Figure 6L ). This evidence suggests that the exercise-induced increase in LSS can directly stimulate endothelial cells to produce and release miR-342-5p.
miR-342-5p Was Indispensable in Long-Term Exercise-Induced Cardioprotection In Vivo
To explore the role of miR-342-5p in exercise-induced cardioprotection in vivo, we used AAV9 carrying a specific sequence targeting miR-342-5p to inhibit miR-342-5p in rat hearts in vivo. Rats were intramyocardially injected with AAV-anti-miR-342-5p or an AAV-negative control 1 week before swim training ( Figure 7A ). ZsGreen, an indicator for the AAV vector, was detectable by confocal microscopy in hearts transfected with AAV9 (Online Figure XVII) 24 hours after the last training session. As shown in Figure 7 , exercise training increased cardiac miR-342-5p ( Figure 7B ) concomitantly with decreased expressions of myocardial Caspase 9, Jnk2, and Ppm1f and increased the phosphorylation of Akt; these changes were attenuated by AAV-anti-miR-342-5p treatment ( Figure 7C ). Importantly, reduced myocardial infarct size ( Figure 7D and 7E) and cardiomyocyte apoptosis ( Figure 7F and 7G) were observed in exercised MI/R rats, which were significantly blunted by AAV-anti-miR-342-5p treatment ( Figure 7D through 7G) . Moreover, miR-342-5p agomir treatment 48 hours before MI/R significantly increased the miR-342-5p level in rat hearts ( Figure 7H ) and reduced myocardial infarct size ( Figure 7I ). Taken together, these in vivo data suggest the essential role of miR-342-5p in long-term exerciseinduced cardioprotection against MI/R injury.
Discussion
In the present study, we have made 2 major findings. First, long-term exercise-derived circulating exosomes convey protective signals and confer cardioprotective effects against MI/R injury. Second, we identified exercise-derived exosomal Figure 5 . miR-342-5p regulated prosurvival Akt signaling. A, Representative blots and quantified data showing Akt (Ser473/Thr308) and Erk1/2 (Thr202/ Tyr204) phosphorylation in cardiomyocytes treated with a miR-342-5p mimic, mimic negative control (NC), miR-342-5p inhibitor, or inhibitor NC (n=4). B-D, Representative blots and quantified data showing Akt and Erk1/2 phosphorylation in cardiomyocytes transfected with mimic NC or miR-342-5p mimic for 48 h followed by hypoxia/reoxygenation (H/R, 12 h/3 h) (n=4). E, Screening scheme for putative target genes of miR-342-5p that might regulate Akt phosphorylation. F, Representative blots and quantified data showing Ppm1f expression in cardiomyocytes treated with miR-342-5p mimic, mimic NC, miR-342-5p inhibitor, or inhibitor NC (n=4). G, Luciferase assays of 293T cells cotransfected with miR-342-5p mimic or mimic NC and reporter plasmids containing 3′-untranslated regions (3′UTR) wild-type or mutated miR-342-5p binding sites for Ppm1f (n=4). H, I, Representative blots and quantified data showing Ppm1f expression and Akt phosphorylation in cardiomyocytes transfected with siRNA of Ppm1f (si-Ppm1f) or siRNA negative control (si-NC) (n=4). J, Flow cytometric analysis of apoptosis induced by H/R in cardiomyocytes transfected with si-NC or si-Ppm1f (n=4). *P<0.05 and **P<0.01. Figure 6 . Exercise increased the expression of miR-342-5p in endothelial cells. A, Quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis of miR-342-5p in rat tissues expressed as fold change to the heart (n=6). U6 is used as an internal control. B, C, qRT-PCR analysis of miR-342-5p (B) and pre-miR-342-5p in tissues from exercised rats (Exe) and sedentary rats (Sed) (n=6). Data are presented as fold change of sedentary control. U6 is used as an internal control. D, qRT-PCR analysis showing miR-342-5p and pre-miR-342-5p expressions are higher in rat aorta with endothelium (+Endo) than that without endothelium (−Endo) (n=6). E, qRT-PCR analysis of miR-342-5p and pre-miR-342-5p in aortic endothelial cells from exercised and sedentary rats (n=6). Data are presented as fold change of sedentary control. U6 is used as an internal control. F, Electron microscopy images of aorta showing that endothelial cells (Continued ) miR-342-5p as a major cardioprotective molecule that inhibits apoptotic signaling (Caspase 9 and Jnk2) and enhances survival signaling (p-Akt) in the ischemic/reperfused heart. The findings reveal a novel mechanism that exercise confers endogenous cardioprotective effects via circulating exosomal miRNAs released from multiple tissues, especially vascular endothelium induced simply by increased fluid shear stress (Figure 8 ; Online Figure I ).
Exercise training, in addition to reducing cardiovascular risk factors, confers direct protection against MI/R injury and has been associated with improved heart attack survival in humans. 1, 3, 24 We have previously found that long-term exercise predisposes the heart against myocardial apoptosis and reduces myocardial infarction after MI/R. 25, 26 However, the underlying mechanisms of exercise-afforded cardioprotection are still unclear. A wealth of evidence supports a notion that the benefits of exercise are systemic. 4, 5 Exercise-induced bioactive factors released into circulation, including peptides and nucleic acids secreted by skeletal muscle (myokine), adipose tissue (adipokine), and many other tissues have been implicated in the systemic effects of exercise. 4 These bioactive factors are collectively termed exerkines, some of which may act as exercise pills and play an important role in exercise-induced health benefits. 27, 28 Recently, growing attention has been focused on exosome-mediated cell-to-cell communication. 29, 30 It has been reported that an acute bout of exercise promotes rapid release of exosomes into circulation, 11, 12 and the circulating exosomes deliver endogenous protective signals to the myocardium via direct receptor-ligand interaction on the cell surface. 31 Exercise-induced immediate increase of serum exosomes was found to be beneficial for the heart. 32 To date, most studies on the exosome-mediated beneficial effects of exercise mainly focus on the acute and transient effects of exercise. However, exosomes isolated immediately after exercise may be affected by stress-related factors. In the present study, we investigated long-term, exercise-induced, persistent cardioprotective effects. We found that circulating exosome levels increased immediately after swim training and returned to baseline within 24 hours after the last training session (Online Figure XVIII) , which is similar to reports by others. 11, 12 Importantly, although the level of exosomes was unchanged 24 hours post-exercise after the cessation of the 4-week swim training, the exosomes isolated from the plasma of exercised rats exerted profound cell protective effects against H/R injury as evidenced by reduced apoptotic cell death and improved cell survival. It was further confirmed that the exosomes could be internalized by cardiomyocytes and protected the ischemic heart against reperfusion injury as evidenced by reduced myocardial infarction, improved cardiac function 24 hours post-MI/R, and the sustained improvement of cardiac function at 4 weeks post-MI/R.
Exosomes are believed to harbor proteins, mRNAs and miRNAs, and deliver them through systemic circulation. Some of the proteins contained in and conveyed by exosomes are known to be cardioprotective and prosurvival, such as HSP (heat shock protein) 60 and HSP70. 31 Exosomal miRNAs have generated more interest than proteins considering that the minute quantities of miRNA might have more dramatic effects. 10, 33 Indeed, increasing evidence has shown that stem cell-derived exosomal miRNAs are cardioprotective, such as miR-22 secreted by mesenchymal stem cells under ischemic preconditioning, miR-292, miR-103, and miR-17 secreted by cardiac progenitor cells under hypoxic conditions. [34] [35] [36] Using next-generation sequencing and qRT-PCR verification, we found in this exercise model 12 differentially expressed miRNAs in 4-week swim training-derived circulating exosomes, among which miR-342-5p was not only significantly increased but also exerted profound cardioprotective effects both in vitro and in vivo. Importantly, the circulating exosomal miR-342-5p level was also significantly increased in 1-year rowing-trained athletes when compared with the untrained controls though it is still unknown whether there were any differences in cardiac function or cardioprotective capacity between the rowing-trained and untrained students. These results demonstrate that long-term exercise affects not only the quantity of exosomes in the acute phase but also the quality of the circulating exosomes, and long-term exerciseinduced exosomes enriched with miR-342-5p exert sustained cardioprotective effect.
Further bioinformatic and quantification analysis revealed that Caspase 9 and Jnk2 are targets of miR-342-5p in cardiomyocytes. It is well established that Caspase 9 and Jnk2 play important roles in cardiomyocyte apoptosis. [37] [38] [39] Indeed, we found in this study that miR-342-5p significantly inhibited H/R-induced cardiomyocyte apoptosis, concomitant with suppressed Caspase 9 and Jnk2 expression. Furthermore, the in vivo cardiac-specific inhibition of miR-342-5p blunted exercise-afforded cardioprotection as well as increased Caspase 9 and Jnk2 expression in the heart, suggesting that miR-342-5p elicits antiapoptotic effects partly via the inhibition of Caspase 9 and Jnk2 in ischemic/reperfused hearts.
In addition, the present data showed that the expression of total Akt and its upstream PI3 kinase p85 phosphorylation were not changed, whereas the phosphorylation of Akt was significantly increased in cardiomyocytes preincubated with a miR-342-5p mimic. Further study showed that the increased phosphorylation of Akt induced by miR-342-5p in cardiomyocytes was associated with the reduced expression of Ppm1f, a serine/threonine phosphatase belonging to the Figure 6 Continued. produce and secrete exosomes (inset: higher magnification of exosomes in multivesicular bodies; scale bar: 200 nm). Scale bar: 1 μm. G, Human umbilical vein endothelial cells (HUVECs) were transfected with Cy3-labeled miRNA mimic negative control (NC), miR-342-5p mimic, or mimic NC. Then, exosomes were isolated from transfected HUVECs and incubated with human cardiomyocytes. H, Cy3-labeled miRNA mimic NCs were transported from HUVECs to cardiomyocytes by exosomes as shown by confocal microscopy. Scale bar: 20 μm. I, qRT-PCR analysis of miR-342-5p expression in cardiomyocytes after incubation with miR-342-5p mimic or mimic NC-transfected HUVEC-derived exosomes for 48 h. Data are normalized to U6 (n=5). J, Flow cytometric analysis of apoptosis induced by hypoxia/reoxygenation (H/R, 24 h/6 h) in human cardiomyocytes after incubation with miR-342-5p mimic or mimic NC-transfected HUVEC-derived exosomes for 48 h (n=5). K, Laminar shear stress (LSS) increased miR-342-5p expression in HUVECs. HUVECs were cultured under static conditions or exposed to LSS at 10 or 20 dyne/cm 2 for 6 h. Data are normalized to U6 (n=5). L, LSS increased HUVEC-derived exosomal miR-342-5p. HUVECs were exposed to LSS at 20 dyne/cm 2 for 6 h and then cultured under static conditions for 24 h to harvest exosomes. Data are normalized to spiked cel-miR-39 (n=5). *P<0.05 and **P<0.01. Sk M. indicates skeletal muscle. protein phosphatase 2C family, which is responsible for protein dephosphorylation. 19, 40 This further supports the cardioprotective effects of miR-342-5p via enhancing Akt signaling in cardiomyocytes. Wei et al 41 have reported that miR-342-5p derived from macrophages in pathological conditions was proinflammatory; however, in our study, miR-342-5p induced by long-term exercise and conveyed in exosomes in physiological conditions was cardioprotective. This discrepancy might lie in that miR-342-5ps of different origins, released in response to different stimuli, or at different concentrations may function differently. Further studies are needed to elucidate the mechanisms of actions of miR-342-5p in physiology and pathophysiology.
Next, we investigated the origins of the exercise-induced increase of circulating exosomal miR-342-5p. It was found that long-term exercise significantly increased both mature miR-342-5p and pre-miR-342-5p in multiple tissues, especially in the aorta. Importantly, endothelial cells were responsible for the significantly higher level of miR-342-5p expression in the aorta. Further in vitro studies showed that fluid shear stress per se induced miR-342-5p expression in endothelial cells, and exosomal miR-342-5p released from endothelial -reperfusion (n=10) . F, G, Representative images (G) and quantified data (F) showing myocardial apoptosis determined by percent of terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)-positive nuclei/total nuclei in the indicated group (n=6). Scale bar: 100 μm. H, qRT-PCR analysis of cardiac miR-342-5p expression in rats received miR-342-5p agomir and negative control agomir (agomir-NC) injection (n=6). Data are normalized to U6. I, Representative photographs and quantified data demonstrate that miR-342-5p agomir reduced myocardial infarct size (n=10). *P<0.05 and **P<0.01. Exe+anti-342 indicates: exercised rats injected with AAV-anti-miR-342-5p; Exe+NC, exercised rats injected with negative control AAV; I/R, ischemia/reperfusion; and Sed+NC, sedentary rats injected with negative control adeno-associated virus (AAV).
cells could be taken up by cardiomyocytes. These data suggest that vascular endothelial cells are the major origin of the increased circulating exosomal miR-342-5p post-exercise. It is interesting that such a simple mechanical force as exercisetriggered increase of blood flow/shear stress would induce exerkines cargoed in and delivered by exosomes to confer salutary cardioprotective effects. The underlying mechanisms by which exercise or fluid shear stress induces endothelial cells to produce miR-342-5p remain to be elucidated. Recent studies have shown that epigenetic modifications, such as DNA methylation and histone modification, play an important role in exercise-induced adaptations, 42 suggesting that epigenetic regulation of the promoter region of miR-342-5p in response to long-term exercise might be involved in exercise-afforded sustained cardioprotection.
The present study has some limitations. First, although our data suggest that vascular endothelial cells are a major source of exercise-induced exosomal miR-342-5p, complete identification of the origins of circulating exosomal miR-342-5p awaits further elucidation due to the inadequate understanding of the sorting processes to determine which RNA species are packaged into exosomes and the fact that exosomal RNA content does not merely parrot the RNA profile of the secreting cell. 43, 44 Second, because no model animals or in vivo-specific pharmacological inhibitors have yet been developed to block exosome production, it is currently impossible to perform in vivo loss-of-function studies on circulating exosomes in exercise-induced cardioprotection.
Third, the present study used a comparatively high-intensity 4-week exercise model, but whether milder forms of exercise confer cardioprotection via similar exosomal mechanisms remains to be elucidated.
In summary, long-term exercise-derived circulating exosomes, though whose plasma level has no significant change, afford profound and sustained cardioprotection against MI/R injury. We identified exosomal miR-342-5p as a key cardioprotective molecule which inhibits apoptotic signaling (Caspase 9 and Jnk2) and enhances survival signaling (p-Akt) in the heart. Vascular endothelial cells, simply triggered by increased shear stress, may be a predominant source of exercise-derived increase of exosomal miR-342-5p, indicating a crosstalk between blood vessels and the heart in exercise-afforded cardioprotection. These findings present a novel mechanism underlying long-term exercise-afforded cardioprotection with exosomal miR-342-5p as a novel cardioprotective exerkine and highlight the therapeutic potential of miR-342-5p in the prevention and rehabilitation of ischemic heart disease. 
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